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NOMENCLATURE 
B number of blades 
c rotor blade chord 
sectional lift and drag co~ffi.cients. respectively 
Drag force per unit span at a section 
unit vectors in the coordinate 
system n. B, and s. respectively 
unit vectors in the cylindrical coordinate 
system r, B. and =, respectively 
f resultant aerodynamic force on the 
blade. in the (n.B.s) system 
F resultant aerodynamic force on the 
blade. in the (X. Y. Z) system 
I.J,K unit vectors in the Cartesian coordinate 
system (X.Y.Z) 
L Lift force per unit span at a section 
transformation matrices 
n.B,s noninertial coordinate system 
attached to the blade 
P 
R 
R 
Re 
s 
u 
v 
X.Y.Z 
0: 
static pressure 
radius of the rotor 
2 
position vector of a point on the blade span 
in the (r, B,::) system 
Reynolds number 
generalized coordinate in the direction of blade span 
source terms in the momentum equation 
component of ( in the X -direction 
component of ( in the Y -direction 
absolute velocity of the flow with 
respect to the computational coordinate system 
linear velocity of t he blade 
at a given radius 
flow velocity relative to the blade. in the 
(n. e. s) system 
free-stream velocity 
component of l-: in the Z -direction 
inertial reference frame attached to the 
computational domain. where X is parallel to 
the free stream 
blade angle of attack with respect to ~rel 
tip path plane angle of attack 
angle made by Vrel with r-B plane at any blade section 
r 
5 
~,TJ,( 
Jl 
P 
Bs 
11' 
3 
diffusion coefficient for the generic governing equation 
blade deflection out of the rotor plane 
rotor-based Cartesian Coordinates. with ~ axis 
parallel to rotor shaft 
fluid viscosity 
fluid density 
blade twist at any section. measured from 
the r-B plane 
angular distance traversed by a blade in passing 
through a control volume 
generic scalar variable 
azimuth angle 
rotational velocity of the rotor. expressed in 
the computational coordinate system 
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CHAPTER 1. INTRODUCTION 
Background 
Rotary-wing flow fields in general are very complex and provide some of the most 
challenging problems in the field of applied aerodynamics. There are several features 
of a rotary-wing problem which are not to be found in its fixed wing counterpart. A 
brief discussion of the aerodynamic complexities that arise in rotary-wings in general 
and in the case of forward flight in particular will illustrate the wide range of fluid 
flow phenomena that any analytical methodology must ·correctly take into account. 
Every rotating blade experiences a radially increasing linear velocity and thus 
an increase in the bound circulation towards the tip. This results in two flow features 
that are characteristic to all rotary-wings. First. there is a strong vortex shed at 
the tip of the blade which may later roll up and combine with the tip vortices of 
other blades depending on the motion of the rotor. The other outcome of a radially 
increasing blade velocity coupled with the translation of the rotor is that the vortex 
sheet shed by the blade has a very complex geomet.ry. Its exact shape is determined by 
the particular flight configuration but it can no longer be modelled as a simple planar 
trailing sheet as is usually the case in fixed wing analysis. The blade rotation also 
produces a high centrifugal force-field and often causes transonic or even supersonic 
condit.ions near the tip, with the associated problems of shocks and unsteadiness. 
.5 
Since a rotor is only one component of a flight vehicle. mutual interference effects 
of other rotors and the fuselage play an important role in determining its actual 
performance and therefore must be considered in a complete analysis. 
In the case of a helicopter rotor in forward flight there are additional difficulties 
caused by the fact that the advancing and retreating blades work under very dif-
ferent conditions. As shown in Figure 1.1 the blades that are moving forward into 
the oncoming free-stream experience a high relative flow velocity and as a result a 
moderate loading. At the same time some sections of the blades that are moving in 
the opposite direction might actually see flow impinging on their trailing edge and 
thus experience stall and negative lift. This results in an asymmetric loading over 
the rotor disc even under a steady forward velocity. Also. in forward flight the hlades 
operate in the vortical wake of ot ~er blades leading to strong blade-vortex interaction. 
These complexities are further compounded by the degrees of freedom that the rotor 
typically enjoys in a revolution. such as cyclic pitch and flap motion. 
The above mentioned difficulties are the reasons why the state-of-the-art in anal-
YSIS and prediction of forward flight has always lagged that in other rotary-wing 
flight regimes. In contrast the present level of technology in fixed-wing analysis is 
far advanced. There are two types of results that are expected of any analytical 
methodology. The necessity of predicting the performance characteristics of the rotor 
is obvious. but the correct solution of the surrounding flow field is equally impor-
tant. This is because the vortical wake associated with the rotor strongly influences 
many of the other operational properties of interest. for example helicopter vibration. 
noise. aeroelastic stability~ gust response. flight dynamics and handling qualities. The 
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Figure 1.1: Velocity distribution in forward flight 
techniques that have developed over the years, however. have been based on drastic 
simplifications of the problem and usually provide very little information about the 
flow field. With the recent advances in computers. accurate numerical simulation of 
many fluid flow problems has not only become possible but also routine in several 
fields. Such methods have not yet found widespread use in the rotary-wing commu-
nity; the major hurdle at the present time being the high expense which comes about 
as a direct consequence of the complexity of the problem as discussed above. 
The objective of the present investigation is to develop a procedure which can he 
used to analyze this complex problem \vit h sufficient accuracy and yet be computa-
tionally inexpensive enough to be used as a design tool in the industry. The principle 
of modelling the rotor as a distribution of momentum sources :1.2] promises to satisfy 
-I 
both of these conflicting requirements to some extent. Before going into the details of 
this procedure, a review of the other methods used to date is useful in understanding 
the evolution of this ideology as well as its advantages and limitations. The next 
two sections provide a summary of both the traditional approaches and the attempts 
so far in using modern numerical techniques for analysis of rotary-wing problems. 
The last section of this chapter then introduces the current research and presents an 
outline of the rest of this thesis. 
Traditional Methods 
The early procedures for rotary-wing analysis were based on simple momentum 
and blade-element theories. These involved several idealizing assumptions about the 
rotor and were useful only for preliminary performance predictions. It soon became 
clear. however, that the wake had a significant influence on the rotor performance and 
that its correct modelling was extremely important. Indeed this aspect has occupied 
so much of the effort in the field of rotary wing research that the classification of the 
methods is based upon the way in which the rotor wake is treated. 
Classical vortex theories represent the first attempts in rotor wake modelling. 
These methods usually assume potential flow with the blades being represented by 
a system of bound and trailing vortices and the wake by a rigid non-contracting 
helical vortex sheet. This approach yields useful results for propellers in cruise. where 
the magnitude of the velocity induced by the wake is much smaller compared to 
the free-stream. For other cases. like a helicopter rotor in hover, where the wake 
induced velocity is the major component, more realistic models are necessary. The two 
approaches conventionally used for helicopter rotor wake models are the prescribed 
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wake models and the free-wake models. 
The prescribed wake methods. also known as the rigid-wake methods. try to 
remove some of the limitations of classical vortex theories by using experimental 
observations to relate the vortex structure to the thrust coefficient and the rotor-
blade geometric parameters. However, their application is restricted to problems 
that are fairly similar to the one for which the experimental database was obtained. 
For any unconventional geometry or flight conditions. new empirical relations need to 
be formulated. Better modelling of the physics of the problem is achieved by the free 
wake methods which allow the wake structure to evolve iteratively by imposing the 
force-free condition on the position of the vortices. Although these methods do not 
depend on experimental results and are applicable to a wider range of configurations. 
for conventional geometries they do not provide any more accurate solutions than the 
prescribed wake approach. 
The methods mentioned above have proved very useful and continue to form the 
basis of most of the industry standard codes in use today. Several comprehensive 
reviews of the different models are available ~3.4L All of these methods do howe,-er. 
have some inherent inadequacies because of the assumption of potential flow. Vor-
ticity cannot occur in a potential flow field except as discrete embedded filaments or 
sheets. This implies that distributed vorticity is not permitted and therefore many 
important features of the flow such as the tip vortex core can not be captured at all. 
Further, the transport of all vorticity can be handled only in a Lagrangian fashion 
and thus vorticity is not treated as a property of the fluid flow_It is clear that to 
obtain realistic solutions the governing equations of the fluid flow must be soh-ed. For 
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complex geometries like that of a rotor such a solution became possible only with the 
advent of modern computational techniques. 
Modern Methods 
The characteristic feature of all computational fluid dynamics (C'FD) methods 
is the numerical solution of the governing equations over the domain of interest using 
some form of discretization scheme. The simplest of the governing equations that are 
applicable for fluid flow are the full potential equation and its various approximations. 
In rotor problems, procedures based on potential flow theory such as vortex-lattice 
and other surface singularity distribution methods are useful only in that they allow 
for better modelling of the rotor blades. All the other drawbacks associated with 
potential flow assumption that were mentioned above still exist. 
Euler solutions are the next logical step and they do provide proper modelling of 
vorticity transport. A typical approach is t he one reported in Reference :.): v,,'here a 
coupling of a free wake solution of a rotor with the near field flow around a rotor blade 
is employed. Although the Euler equations admit vortical solutions. the omission of 
viscosity permits no built-in mechanism for diffusion of the vortex wake and therefore 
wake models have to be used. at least for the far wake. Euler equations are also 
inadequate when there is large scale separation or other significant viscous effects. 
This brings us to the realization that t he use of the);" avier-Stokes equations is 
essential for a. complete solution of the rotary-wing problem. For some time now. 
complete Navier-Stokes simulations of many different aerodynamic problems have 
been possible but their use in rotor analysis has been limited. In principle. one 
can use a finite volume grid extending from the surface of the blades to the outer 
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regIOns of the wake and thus obtain the entire flow field as part of the same so-
lution process. In practice, however, the complex geometry of the blades as well 
as the wake means that a very high grid density is required over a large portion 
of the domain. If a body-fitted grid is used for the rotor blades, special attention 
has to be paid to its dynamics and coupling with the grid structure of the rest 
of the domain. All this in turn places a high demand on computational resources 
which, even if it can be met, is certainly not very economical at the present time. 
)'lost of th~ researchers working with Navier-Stokes equations have instead concen-
trated on obtaining the force distributions and flow fields in the immediate vicin-
ity of rotating blades. For example, Srinivasan and :\lcCroskey [6: have performed 
thin-layer N avier-Stokes calculations on a single hovering blade. In t he lifting cases 
reported by them, the influence of the wake was accounted for by the simple assump-
tion of a constant induced velocity. determined from a lifting-surface type method. 
The main idea of the present method is almost the opposite, as discussed bflow. 
Present Research 
It is evident that the major difficulty in a complete ~avier-Stokes solution of a rotary-
wing flow field is the fact that a rotating, high density body-fitted grid is required 
around the rotor blade. In addition a fine grid is also required over a considerable 
part of the surrounding domain in order t~ resolve the wake structure. Even with 
the present technology, this is not possible for any realistic problems and is certainly 
not viable for routine design work. Consequently wake models have to be used even 
though the N avier-Stokes equations have all the necessary physics to predict the COlll-
plete flow field. There are several reasons why the use of a wake model is undesirable. 
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Such a practice immediately restricts the solution procedure to a single class of rotor 
problems since the wake structure for other rotor configurations or flight conditions 
would be significantly different. For forward flight the situation is even more re-
strictive because the nature of the wake and its interaction with other blades are 
strong functions of the advance ratio. This means that even the prediction of forward 
flight characteristics alone of a single rotor would require different wake models as 
the advance ratio was varied. Further. if one wants to study conditions like hover or 
flight near the ground. which is quite an important operational phase for helicopters. 
completely new wake models need to be developed. 1 
The present approach overcomes some of these restrictions by considering the 
rotor~s influence only in terms of the momentum it imparts to the surrounding fluid 
flow. The magnitude of this influence and its variation are determined from the rotor 
geometry and the flow properties. In doing so. the details of the chordwise flow over 
the ~lades are compromised by assuming the aerodynamic behavior of the blade cross-
sections in the form of lift and drag characteristics. All the other "ariations of flow 
properties and blade-loads are obtained as part of the solution. The advantages of 
such an approach are quite clear. First. no assumptions about the wake structure need 
to be made. The need for a body-fitted grid is eliminated, resulting in reduced memory 
requirements and associated computational savings. It also opens up the possibility of 
attacking otherwise intractable problems like main rotor - t ail rotor interference and 
tandem rotor interference. Studies can also be initiated. for example. for developing 
1 Therefore it is not very difficult to see why there are relatively few forward flight 
solutions reported in literature using the traditional approach and, to the best knowl-
edge of the author. none based on solution of the "Navier Stokes equations. 
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appropriate turbulence models for rotor problems. It should be noted, however, that 
there are some inherent limitations of such an approach. As the chord wise flow over 
the blade is not simulated directly, some aspects like boundary layer separation can 
only be considered indirectly, through the aerodynamic properties of the section under 
such conditions. 
The remainder of this thesis is devoted to the implem~ntation of this idea and 
its applications. The next chapter elaborates on the momentum source concept and 
discusses the linking of the rotor modelling philosophy to the governing equations of 
the flow field and also the iterative algorithm used to obtain the solution. Chapter 3 
describes the details of the rotor modelling procedure. Results for code validation 
and forward flight cases. including comparisons with available field test data. are 
presented and analyzed in Chapter 4. The final chapter ends this document with 
conclusions atld recommendations. 
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CHAPTER 2. ROTOR AND FLOW MODELLING 
The Momentum Source Concept 
The basic function of any rotor is to produce thrust and it does so by imparting 
momentum to the fluid flow around it. Thus as far as the fluid is concerned the main 
effect it sees due to the presence of the rotor is a change in its momentum. If one 
could evaluate the magnitude (and direction). of this change and account for it in the 
momentum conservation equations, one would essentially obtain t he correct flo.,,," field. 
This accounting would be done through the source terms in the governing equations; 
hence, we may think of the rotor being modelled as a distribution of momentum 
sources occurring in a specific region of the domain. Realization of this fact by itself 
is not very useful but it does show us one way of attacking the problem. Our aim 
in the rotor modelling procedure is now reduced to an accurate determination of the 
rotor's influence on the flow field. 
In keeping with our initial objectives of developing a relati,-ely less intensive 
computational procedure (and in vie\\! of the limitations imposed by the present level 
of computer technology) we need to make certain approximations. The main one is to 
assume that the aerodynamic forces on a given blade section may be determined. once 
the effective angle of attack at that section is known. from the known two-dimensional 
characteristics of the blade airfoil section. These lift and drag versus angle of aU ack 
characteristics of the section may come from an experimental database or from some 
separate numerical solutions. \Ve are also free, of course, to properly account for any 
local viscous or compressibility effects we may wish to consider by using the airfoil 
( data for the corresponding Reynolds number or Mach number. 
The task now can be divided into two different parts. namely the evaluation of 
the rotor source terms and the solution of the flow field. We deal with the latter part 
first, beginning with the equations that need to be solved in order to determine the 
flow field. The procedure for t.he former issue is discussed in the next chapter. 
Governing Equations 
\Ve assume the flow to have constant density and viscosity. )Jo flow symmetry 
exists in the case of forward flight and therefore the flow has to be considered fully 
t'hree-dimensional. However, because of the rotor modelling technique. we are not re-
quired to use any special coordinate systems. Only steady-state solutions are desired 
therefore time is not an independent variable. 1 e nder these assumptions. 2 the 
governing equations are the steady, incompressible and laminar 1\ avier-Stokes equa-
tions. In the Cartesian coordinates of the computational domain they can be written 
as follows. 
Continui ty: 
(2.1 ) 
1 Azimuthal variations. which are sometimes thought of as being time variations. 
are, however." fully considered. 
2It should be pointed out here that the assumptions are intended only to sim-
plify the solution procedure and are not restrictions imposed by the rotor modelling 
procedure. 
15 
X momentum: 
Y momentum: 
( 2.3) 
Z momentum: 
(
OW ow OW·) (02w 02w. 02w) op 
p u oX + v oY + tv oZ = JL oX2 -+- oy2 7 8Z2 - fJZ - 5 Z (2A) 
The terms to take special note of in the above equations are the source terms 
Sx, Sy and 5 Z respectively in the three momentum conservation equations. It is 
through these terms that the rotor's influence is introduced into the surrounding flow 
field. 
Solution Algorithm 
In principle, any flow-field solving algorithm can be used in conjunction with our 
rotor modelling procedure. A primitive variable approach is desirable though. since 
the source terms to be added are functions of velocity components. The finite-volume 
based method known as SIMPLER was chosen because it has several attractive quali-
ties. It has been applied t? a wide variety of problems and has been found to perform 
well for the governing equations that we wish to solve. It has the highly desirable 
property of yielding physically realistic solutions even with a coarse grid. The prin-
ciples of SIMPLER are extremely well documented in Reference :i; and need not be 
repeated here. Only a brief review of the steps invoh'ed is presented below. highlight-
ing mainly the choices made in the current implementation. 
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Discretization of the generic governing equation 
The computational domain is divided into several rectangular control volumes by 
lines parallel to the coordinate axes. A grid point is then located at the geometrical 
center of each control volume. Scalar variables such as pressure. density and viscosity 
are associated with these grid points while the velocity components are solved for 
at points lying on the control volume faces normal to the velocity direction. Thus a 
different ;'staggered" grid is associated with each of the velocity components. 
The generic governing differential equation for a scalar variable 0 is written as 
( .) -) _.0 
where \1" is the fluid velocity, p is the fluid density and r is the diffusion coefficient 
and 5 is the source term. The discretized form of this equation at any grid point P 
is given by 
where suffixes E, lV, .V. S. T and B represent the east. west. north. south. top 
and bottom neighbors respectively of the point P. Expressions for the coefficients 
a E through a B are determined by integrating Equation 2 .. 5 over the control volume 
surrounding P. It will suffice to consider only the coefficients in one coordinate 
direction: those in the other two directions are determined from similar expressions. 
For the two X direction neighbors the coefficients are given by 
(2.7a) 
(2.7b) 
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'''There the flow rates and conductances respectively are defined as 
Fw == (pu)w ~Y~Z 
D 
_re~Y~Z 
e-
(8.r)e 
D 
_ rw~Y..:lZ 
w-
(b.r)u' 
and the Pedet number P is the ratio of F and D. The operator 1.-1, BJ denotes the 
greater of A. and B. The suffixes e and tt' denote the control volume faces in the east 
and west directions respectively. (8.r)e and (b.r he are the distance between the point 
P and the neighboring points E and n" respectively. 
For the function .-1 ( P:), the power law scheme, which is based on an approxi-
mation to the exact solution of the one dimensional convection - diffusion problem. 
is used giving 
Momentum Equation Solution 
The governing momentum conservation equations (2.2 to 2.4) can be easily writ-
ten in the form of the generic differential equation (2 .. 5) with 0 being replaced by the 
velocity components and the diffusion coefficient r being replaced by the viscosity fl. 
Hence the discretization scheme discussed above for the general scalar variable 0 can 
be used equally well to solve for the three velocity components. The non-linearity 
introduced because of the fact that the coefficients of the discretized equations are 
themselves functions of the velocity components can be handled by adopting an it-
erative strategy. The main difficulty. however, is caused by the pressure gradient 
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term. It is neither known a priori nor can be determined directly from the continuity 
equation which is the closure equation for our set of governing equations. 
In the SIMPLER version of the algorithm, therefore, an equation for the pressure 
is derived and discretized in the form of Equation 2.6. Its coefficients and source terms 
depend on the velocity components as well; hence, to start the solution procedure we 
need to guess the velocity field everywhere in the domain. The pressure equation is 
then solved for the pressure which in turn is used to determine the pressure gradient 
in the momentum conservation equations. The flow field obtained by the subsequent 
solution of the momentum equation will not, in general. satisfy the continuity equa-
tions. Therefore a correction is applied to the velocity components. For this purpose 
an auxiliary pressure correction equation is derived and once again discretized in the 
form of Equation 2.6. The corrected velocity field then becomes t he guessed field 
for the next iteration and the whole procedure is repeated till convergence. Thus 
every iteration requires the solution of five discretized equations of the form (2.6). 
Boundary Conditions 
On the domain surfaces that are parallel to the free-stream, the three velocity 
components are set equal to their free-stream value. Similarly at the inflow boundary 
the velocity is set equal to the free-stream. At the outlet boundary. the flow velocity is 
determined from that at the next inner parallel plane. by scaling the latter such that 
t he overall mass flow is conserved. Since the velocities on all the boundaries are thus 
fully specified. no boundary conditions are required for the pressure or the pressure 
correction equations. A "one-and-a-half" control ,·olume is used while integrating 
the momentum and pressure equations for obtaining the coefficients of the discretized 
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equations at grid points next to the boundaries. 
To start the solution process one must guess the entire flow field. This is done 
either by using the converged results from a similar problem or simply by assuming 
free stream flow everywhere. The pressure field is allowed to seek its own level as 
the iterative process continues. The value of the pressure correction is set to zero 
everywhere at the beginning of each iteration. 
Solution of the discretized equation 
The discretized momentum and pressure equations are solved by using a succes-
sive line over-relaxation (SLOR) method. This involves choosing points that lie on a 
grid line and updating the variables on that line using the tri-diagonal matrix algo-
rithm (TD~A). In this process the ;;latest" available values at the neighboring points 
are used. The direction of the TDl\IA traverse as well as the sweep direction (i.e .. the 
sequence in which the lines are chosen) are varied cyclically. A few complete sweeps 
of the domain are usually sufficient to obtain a converged solution for a given set of 
coefficients. For most problems, an underela."'Cation is required during each TD:\I.-\ 
update in order to prevent divergence. 
Rotor Model - Flow Field Coupling 
Our discussion of the flow field solution procedure is complete except for the 
evaluation of the rotor's influence on the flow field. As we have noted earlier this 
is to be introduced through the source terms of the momentum equations. In the 
differential equations (2.2-204) they are denoted by Sx, Sx and Sz respectively 
which have the dimensions of momentum. In the generic discretized equation (2.6) 
the source term is denoted by b and in case of the momentum equations it has the 
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units of force. Thus we need to evaluate the force acting on the rotor - the negative 
of this force is then the force exerted by the rotor on the flow field. 
It is obvious that the force on the rotor will depend, among other things, on 
the flow field. Here the iterative nature of our solution algorithm is useful because 
we can iterate on the rotor forces simultaneously with the velocities and pressure. 
In the first iteration we may evaluate the rotor forces based on the guessed \'elocity 
field. Then in the subsequent iterations. as a new flow field is determined. the rotor 
forces can also be updated. This does compound the non-linearity of the problem 
but by suitably under-relaxing the updates. a converged solution can be obtained. In 
this connection it should be mentioned that the SnIPLER algorithm does provide a 
mechanism whereby a linear dependence of the source terms on the velocity can be 
used advantageously to accelerate the convergence. However. o\"'ing to the complex 
nature of the dependence. as shown in the next chapter, the source terms were not 
linearized in the present case, 
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CHAPTER 3. SOURCE TERM EVALUATION 
The Task 
Two aspects of the rotor's influence on the flow field need to be considered. The 
first one is to find the locations in the physical or computational domain where that 
influence is felt and the second is to determine the momentum equation source terms 
at these locations. Both aspects require a description of the rotor geometry. We 
begin therefore with a discussion of the different coordinate systems that aid in that 
description. The issue of rotor blade discretization is dealt with next. followed by 
details of the algorithm used to determine the grid cells at which the rotor source 
terms have to be added. Finally we consider the calculation of the rotor forces and 
the time averaging procedure which gives the momentum source terms. 
Coordinate Systems 
1. Coordinates of the computational domain 
The governing equations are solved in the computational domain which is a 
rectangular parallelopiped enclosing the rotor. (X. Y. Z) are the Cartesian coordinates 
of this domain chosen such that the X direction is parallel to the free stream ,·elocity. 
i, j and k are the unit vectors in this coordinate system. Let the center of the rotor 
be at (Xc, I'C, Zc) with respect to this system and its axis of rotation be along the 
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vector w where 
(3.1 ) 
and Iwl = w, the rotational speed in radians per second. 
2. A rotor based Cartesian system 
N ext we seek to define a (' artesian coordinate system (~. '7, () which has its origin 
at the center of the rotor and the ~ axis aligned in a direction opposite to the rotational 
velocity~. In other words, as shown in Figure 3.1 the ~ axis is perpendicular to the 
plane of roiation while the '7 and ( axes lie in the plane. To find a relation between this 
system and the computational coordinate system we use the method of Euler angle 
rotations which results in an orthogonal transformation. Combining this with a shift 
of origin, the transformation from the rotor-based to the computational coordinates 
can be written as 
sin A. sin B 
cosA 
- sin A.cos B 
- cos .-1. sin B 
sin .-1. 
cos A. cos B I
x -Xc 
Y -lc 
Z - Zc 
(3.2a) 
where A and B are two angles which describe the orientation of the rotor with respect 
to the computational coordinate system. Deriyation of the above relation as well as 
expressions for determining the angles A. and B are given in Appendix A. It should 
be noted here that for a given rotor orientation the matrix Ml is a constant. 
A useful property of orthogonal transformations is that the inwrse of the trans-
formation matrix can be obtained simply by taking its transpose. Thus we can write 
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the inverse transformation from (e, 1], () to (X. Y, Z) as 
[
X] [XC] [~] 
: :: +Mt ; 
(3.2b) 
The unit vectors in the two systems are related by 
(3.3a) 
and inversely 
[~=Mt I:;] 
3. Rotor based cylindrical ,!plar coordinate system 
(3.36) 
For convenience, we further define a cylindrical polar coordinate (r,e.::) system 
(Figure 3.2) such that 
~ - -.. - -
1] = r cos e 
( = r sin e 
(3.4 ) 
The uni t vectors in t his system are related to to those in the (~. 1]. () system by the 
following matrix relation. 
[ ~r] [0 cosH Sine] [~~] ff} 0 - sin e cos (} f1] 
e- 1 0 0 e· - (, 
=M, [:J 
~ 
(3.5a) 
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Figure 3.2: Rotor based cylindrical coordinate system 
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The inverse relation can once again be obtained by taking the transpose of M2 such 
that 
[ :~I = Mr [::1 
e( e= 
(3 .. % ) 
In case of helicopter rotors it is customary to define the position of the blade in the 
plane of rotation by its azimuth angle. which is measured counter-clockwise from the 
downstream direction. The above definition of () then implies that it is related to the 
azimuth angle 1!.' as 
IT 
R=--l!., . 2 
4. Coordinate system for blade deflection 
(3.6) 
In case the blade is deflected (swept) with respect to the plane of rotation we 
need to consider yet anoth~r coordinate system (n, e. s) where s is in the spanwise 
direction of the blade (More precisely s is the locus of the center of pressure of the 
airfoil sections). 
From Figure 3.3 we see that 
. . ( .. ( /" III "7 
es = er cos () - e= SIll () - r~: CvLl:) , 
where 8 = 8(s) is the sweep angle. E() is the same vector as in the (r.e.=) system 
and n is defined so as to complete the right-handed system. Thus 
2i 
In matrix form we can write the transformation as 
(3.ia) 
and inversely 
(3. ib) 
Blade Curve Description 
\Ve can describe the curve of the blade in terms of the parameter s (the arc 
length along the curve) as 
R(s) = r (s) er +;; (s) e;; (3.8 ) 
The unit tangent vector to the curve can be found by differentiating the above equa-
tion 
dB. dr ( s) . d;; (s) • - = --Er - --e-
ds ds ds-
(3.9 ) 
But from Equation (3.;a) we know that the unit tangent vector to the curve is 
given by 
e s (s) = cos <5 (s ) e r + sin <5 (s ) e.: (3.10) 
Comparing Equations (3.9) and (3.10) we have 
dr (s) --;r;- = cos <5 ( s ) 
I 
/ 
I 
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Figure 3.3: Coordinate system for blade curvature 
and 
29 
dz (8) ., ( ) -- = sinu 8 
d8 
Integrating these t"wo equations and substituting in (3.8) we have t he equation for 
the curve of the blade as 
- rs rs R(s) = er io COS8(8) ds + ez io sin8(s) ds (3.11) 
To summarize the geometric description of the rotor, given the location of the 
center of the rotor and the direction of its axis of rotation, we can find the transfor-
mation matrix Ml which connects the rotor based (~, '1. () system to the (X.}'. Z) 
coordinate system of the computational domain. Further matrices M2 and M3 con-
nect the unit vectors in the (E,'1,(), the (r,e,z) system and (n.8.s) system. Finally 
given the sweep angle distribut·ion along the span of the blade. Equation (3.11) gives 
the position vector of any point on the blade span in the (r. e, z) system. 
Rotor Discretization 
In order to evaluate the rotor's influence on the flow field 1ll detail we must 
discretize the rotor. Since the effect of the chordwise flow over the blades will be 
implicitly accounted for, we only need to consider the spanwise variation. The rotor 
blades are discretized into spanwise elements by circles drawn from the rotor center. 
Blade properties such as chord length. out of plane deflection. twist. thickness and 
the cross-sectional characteristics at the center of each element are assumed to pre\-ail 
all over that element. 
The center of each of the blade segments describes a circle as the blade goes 
through one complete revolution. Hence the first of the two tasks mentioned at the 
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beginning of this chapter requires locating the grid cells of the computational domain 
which are intersected by this circle. Since this circle is oriented arbitrarily with respect 
to the three-dimensional computational grid, a general algorithm is developed for this 
purpose. 
Let the center of a blade element have the position vector IiI in the rotor based 
cylindrical coordinate system (r, B, =) system such that 
The circle that this vector traces during a revolution is described by the following 
equations 
In a parametric notation the above two equations can be written as 
~ = =1 
( = r1 sin B 
where 0 :S B < 2iT and B is the angular coordinate of the (r,B.=) system. Csing 
the transformation relation (3.2b) the parametric representation of the circle in the 
computational coordinate system becomes 
[
XI [XCI [=1 I- I'C -MI rlc~Sn 
Z Zc rl SIll e 
( ;3.12) 
Expanding and rearranging we can write the circle description in the computational 
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coordinate system in the following form 
x = Ax cos () + Bx sin () + Cx 
Y = A.y cos () + By sin () + Cy 
Z = ...t . .: cos () + B.: sin () + C.:. 
(3.13a) 
(3.13b) 
( 3.13c) 
Since for a given rotor orientation the matrix Ml is constant and 7'1 and ':1 are 
constant for a given circle, the coefficients Ax,Ay , ... C.: in Equations (3.13) are con-
stants. 
The extrema of X, Y and Z can be easily determined from the above equations. 
giving the dimensions of a box vv'hich encloses the circle. ~ext we solve the Equation 
(3.13a) for I} at each of the X grid planes in the enclosing box. Substituting this value 
of B in the other two equations yields the coordinates of the point of intersection of the 
circle and the particular X plane. In general two such intersections will be found in 
each plane. Locating the indices of the face on which each of these intersection point 
lies then gives us the indices of the two control volumes that are associated with that 
point. Special attention is required when the circle intersects with one of the grid lines 
or points and also for situations where a control volume has more than two intersec-
tions with the circle. Repeating this procedure for each of the X grid planes and then 
for the planes in the other two directions. along with proper book-keeping locates all 
the grid cells that are intersected by that circle. Repeating for circles described by the 
centers of all the blade segments gives us all the grid cells at. which the rotor source 
terms have to be added. An advantage of using e as the parameter is that ~e. the an-
gular distance through which the blade rotates in passing through the control volume 
is obtained easily. This is required for eval uation of t he source terms as shown below. 
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Calculation Of Rotor Forces 
Let the fluid velocity at any point s on a blade at an angular position e be 
- ... .. ... 
F = ul ..;... vJ ~ wK. 
lTsing equations (3.3a), (3.5a) and (3.ia) the same can be written in the (n,O,s) 
system as 
where 
Vn I [ tL I vf) = M3M2Ml l' • 
l'S lL' 
The blade has a velocity due to its rotation and this is given by 
where ~ is defined in Equation (3.1) and R( s) is the position vector of the point on 
the blade under consideration. Once again transforming to the (11, e, s) system we 
have 
Hence the flow velocity relatiye to the blade is 
f(rel = f~ - (bl 
= M3M2Ml \-;: - M3 (M2Ml-:z.. x R(s)) ( 3.14) 
\ 
\ 
s: 
<(I) 
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L T-:' I·, I· I • d d h d et vrel = l'SeS T t'eee + lin en. In or er to etermine t e aero ynamic forces on 
the airfoil section at s we need only the component of "[rei in the plane normal to fS. 
The angle made by this component with the fe direction is given by (see Figure 3.4) 
3 = arctan(-l'~/vO). 
If the section has a twist of angle 6 with respect to the plane of rotation then from 
Figure 3.4 the effective angle of attack seen by the airfoil is 
a = 0 - 3. 
Knowing the angle of attack a and the magnitude of the relative flow velocity expe-
rienced by t he airfoil we can find the sectional aerodynamic force coefficients C I and 
Cd from the airfoil characteristics. The lift and drag forces can then be found as 
1 2 
L = 2/v' C'[ c ds 
1 ,2. 
D = "2/1' Cdc ds 
2 
where c is the blade chord-length and t.l 
j 3.16) 
The lift and drag forces 
act perpendicular and parallel respectively to the relative velocity vector. Resoh·ing 
these forces in ee and en directions we have 
in = L cos 3 - D sin p 
i e = L sin3 ...:... D cos p. 
Also, since there are no aerodynamic forces in the spanwise direction of a rotor. 
is = o. 
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Let I = (fn,je./s ). Then the force vector in the X. Y. Z system t can be found 
by using the inverse transformation relations (3.ib), (3."5b) and (3.3b) as 
- T T T-F = Ml M2 M3 f. 
- F is then the instantaneous force acting on the fluid element. at the (s, a) location. 
Since the blade actually spends a finite fraction of its total re\'olution time in passing 
through this control volume. the time averaged source terms (S X' Sy. S Z) to be 
added to the momentum conservation equations at this control \'olume should be this 
force multiplied by this fraction. i.e. 
- B fj.B -s= -(-F) 2~ (3.1i) 
where B is the number of blades and ~e is the angular distance through which the 
blade rotates in passing through the control volume. 
It is not possible to identify a linear relationship between t he source terms and 
the velocity components (tl, t',le). Therefore these terms are not linearized as recom-
mended by Patankar [i] but are instead calculated based on the velocity field from 
the previous iteration level. This does not change the final solution but does affect 
the rate of convergence. as discussed in the last section of Chapter 2. 
The entire iterative process is summarized in Figure 3.5 which also illustrates the 
coupling.between the SnIPLER algorithm and our rotor modelling procedure. The 
right branch of the figure lists the main steps involved in a single SIMPLER iteration 
while the left half shows the calculation of the momentum equation source terms. 
The two are linked together through the velocity field which is used to calculate the 
rotor force and which in turn is used to determine the velocity field. The iterations 
r Guess velocity field 
Calculate local a at each 
blade section 
• 
Look up Cz and Cd and t~us 
find force on the rotor. F 
" ;:; B~e F .)=- -
2 it" 
. 
'-
-p 
Calculate the momentum 
and pressure equation coef-
ficients . 
Solve pressure equation. -
vp 
.j, 
Solve momentum equations. 
=. residual mass source. b 
~Ir 
Solve pressure correction 
equation and correct the ve-
locity field 
Converged? 
'( 
Stop 
Figure 3.5: Summary of the iterative solution procedure 
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are continued till convergence, indicated by the vanishing of the residual mass source 
b as well as diminishing changes in the velocity field, is established. The forces on the 
rotor blade may then be calculated at all azimuthal and radial locations in the same 
manner as the source terms. except that these do not have to be time-averaged. 
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CHAPTER 4. RESULTS 
Code Validation 
The computer program written to implement the method described above con-
sists of two distinct parts. An advantage of the SnIPLER algorithm is that the set 
of functions required for solution of the governing equations can be coded and tested 
independently, without any reference to a particular problem. The second part of the 
program contains all the code necessary for the rotor modelling. Details of the code 
and its development and performance can be found in Appendix B. The results from 
the validation exercise for the first half of the code are presented belmv. followed by 
results for the various fon,,"ard flight test cases. 
The standard test case used for validating a three-dimensional N avier-Stokes 
solver is the driven cavity problem. The geometry of the cavity is illustrated in 
Figure 4.1. The cavity is a unit cube and the lid is at a distance Z = 1 unit. The 
velocity of the lid is taken to be unity in the X direction. For all ot her surfaces of 
the cavity a no-slip boundary condition is imposed. A (30 x 3D, 30) grid was used 
for all computations reported here. 
The X direction velocity profile at the center line of the cube is compared with 
C'azalbou [8] in Figures 4.2 and -1.3 for Reynolds numbers (based on cube height) of 
100 and 1000 respectively. The agreement is very good. Figures ~A and -1.5 show the 
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velocity field in the symmetry plane lr = 0.5 for the two Reynolds numbers. Since the 
magnitude of most of the velocities is very small only the velocity directions are shown 
and the vectors are not scaled. The primary vortex and minor eddies at the bottom 
corners are captured in both cases. The next four figures (4.6 - 4.9) show secondary 
flows on cross sections from X = 0.63 back to X = 0,47. A pair of large vortices are 
observed in reverse flow under the primary vortex. This pair is formed at the side 
walls and reaches the symmetry plane over a very short X distance. and is mixed and 
dispersed by the X = OAT cross section. Another pair of secondary vortices is seen 
to be formed near the X = 0 .. 57 plane but it disperses in an even shorter distance. 
All the velocity field plots shown here compare extremely well with other published 
results [8,9]. This validates the flow field solution part of the computer code. 
Forward Flight Results 
Description of the Test Cases 
Four cases have been chosen for calculating forward flight performance. The first 
is from Reference [10: and the flight conditions selected correspond to the flight test 
results of Data Table No. 14 of that report. For the second. the rotor properties and 
flight parameters are selected to match the flight test data of Reference :11 j. Flight 
~o. 31. The advance ratios corresponding to these flight conditions are 0.227 and 0.267 
respectively for the two rotors and represents typical moderate to high speed regimes 
for helicopters in forward flight. For the third case the rotor (from Reference :12:) is 
the same as that in the first but at a comparatively lower advance ratio of 0.11. The 
last rotor is from the wind tunnel experiment report of Reference )3:. The advance 
\I / / :J 
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o Cazalbou et. al. 
Present Method 
Driven Cavity: Velocity Profile 
X = 0.5, Y = 0.5, Center Line 
Revnolds No = 100.0 
GrId Size = 30 x 30 x 30 
0.25 0.50 0.75 
U velocity 
Figure 4.2: Comparison of centerline velocity profile. Re = 100 
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Cazalbou et. al. 
Present Method 
Driven Cavity: Velocity Profile 
X = 0.5, Y = 0.5, Center Line 
Reynolds No = 1000.0 
Grid Size = 30 x 30 x 30 
0.25 0.50 0.75 
U velocity 
Figure 4.3: Comparison of centerline velocity profile. Re = 1000 
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Driven Cavity:Velocity Field 
Y = 0.5, Symmetry Plane 
Reynolds No = 100.0 
Grid Size = 30 x 30 x 30 
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Driven Cavity: Velocity Field 
X = 0.63 Plane 
Reynolds No = 100.0 
Grid Size = 30 x 30 x 30 
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Driven Cavity: Velocity Field 
X = 0.57 Plane 
Reynolds No = 100.0 
Grid Size = 30 x 30 x 30 
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ratio for this one is 0.5. 
A summary of the important parameters of all the rotors is presented below: 
Rotor I: 
R = 8.,54 m 
c = OA1i m 
twist = -8 deg 
B = 4 
Rotor II: 
R = 6.6i m 
c = 0.386 m 
twist = -12 deg 
B -'J - .. 
Rotor III: 
R = 8 .. 54 m 
c = OAli m 
twist = -8 deg 
Rotor IV: 
R = 0.i62 m 
c = 0.Oi62 III 
twist = 0 deg 
B = 2 
w = 23.24 rad/ sec 
1-% = 4.5.2i Ill/sec 
LtD = -4.204 deg 
p = 1.103 kg/Ill3 
1,,1.,' = 32.38 rad/sec 
1% = 58.38 m/sec 
Lt D = -5.204 deg 
p = 1.23 kg/m3 
w = 22.30 rad! sec 
Fx;, = 21.09 m/sec 
LtD = -0.6 deg 
p = 1.103 kg/m3 
uJ = 83.ii rad! sec 
Ex;, = 31.92 lll/sec 
l~D = -5 deg 
p = 1.103 kg!m3 
The blades of the first and third rotors have a modified NACA 0012 section while 
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that of the second and fourth have a NACA 0015 airfoil section. In addition to the 
above data, standard values are also assumed for the kinematic viscosity of air and 
the free-stream pressure. 
The cyclic pitch variations are calculated from a harmonic series of the form 
N 
Bs = AO + L [An cos(nl') + Bnsin(nu·r 
n=l 
Similar expressions exist for the cyclic variations of the flapping and the blade lagging 
angles. All the harmonic coefficients can be found in the respective references except 
for the experimental rotor (Case IV) which has an untwisted blade set at a constant 
pitch of 8 degrees. In the present analysis all the pitch harmonics are included but 
for simplicity flapping harmonics higher than the first are ignored. This is equi\-alent 
to a constant pre-cone of the blade. The blade lagging motion is also neglected. 
Calculations were performed for all problems using a (4 i x -1 i x 4 i) grid over a 
domain sizes ranging from (600 x 600 x 600) rotor diameters to (300 x .jO x .)0) rotor 
diameters. The grid in each case was arranged to have a high density in the vicinity 
of the rotor and be increasingly coarse away from the rotor. Starting with an initial 
guess of free-stream flow everywhere in the domain. the program takes about 200 
iterations to give a converged solution. A constant under-relaxation factor of 004 was 
used in the solution of the tridiagonal linear system resulting from the discretization 
of the momentum equations. 
Blade Load Predictions 
From rotor performance point of view t he most significant results are t he blade 
loads and. in forward flight. their variation, not only along the blade span but also as 
the blade rotates. Figures ~.10 to 4.12 compare this azimuthal variation of the blade 
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load per unit span for Rotor I with the flight test data. For some sections, the results 
obtained by Rand and Rosen [14], using a prescribed wake approach. are also plotted. 
In the first figure. the distribution at 0.25 and 0.7.5 r / R sections is shown. The region 
of recirculation that is known to exist in forward flight is dearly demonstrated by the 
negative loading in the r; R = 0.2.5 curve for the azimuth angle range betv.reen 240 
and 300 degrees. The next figure shows the variation at radial stations of 0.4 and 
0.90. In all the figures the correlation of the numerical results with the field test data 
is quite good over most of the azimuth angle range. At the 0.4 r. R location both 
theoretical results show similar discrepancies from the test data. At the higher radial 
location of 0.7.5 r/ R however, the present method tends to under-predict v,-hereas the 
prescribed v.rake approach over-estimates the blade loading. It is also interesting to 
observe that in the present method the deviations occur on the advancing side for the 
inboard radial stations but they occur on the retreating side for sections closer to the 
tip. There is also a noticeable phase difference between the predicted and the test 
data. This, for the most parL can be attributed to the lagging motion of the blades 
in the plane of rotation, which is neglected in the present analysis. 
In Figure 4.12, besides the results from the present method and the test data. 
the theoretical results from a model which assumes a uniform induced velocity (or 
inflow) on the rotor disc are also shown. The much better quality of the present 
method is evident. The high harmonic content of the uniform inflow model result5 
is a direct consequence of the pitching harmonics which are input to that model. 
In the present method these harmonics completely disappear because of better flow 
modelling, improving correlation with the test data. To furt.her demonstrate the 
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invalidity of the constant inflow assumption, the induced velocity distribution at the 
same section (i.e., r/ R = 0.85) as predicted by the present method is plotted in 
Figure 4.13. Quite a significant variation in the induced velocity is noticed. even at 
a given radial station, as the blade rotates. 
Blade load predictions for the second rotor are presented in Figures 4.14 - 4.16. 
In this case there are quite large deviations in the azimuth angle range of 90 to 150 
degrees but this deviation is consistent at all radial stations. The agreement in the 
rest of the range is still good and the deterioration of the results near the tip is not 
as severe as in Rotor I. 
The relatively large deviations that appear at the tip in the present method are 
to be expected. The current procedure displays the correct physical behavior near 
the tips as far as the equalization of the pressure on the upper and lower surfaces of 
the rotor is concerned (as will be evident from the flow field data to be presented). 
However. the loading at the tip is not predicted correctly because of the use of two-
dimensional airfoil characteristics everywhere along the span. The usual approach in 
helicopter analysis for taking the three-dimensional flow effects at the tip into account 
is to consider the rotor blade to be truncated at about 0.96R. Accurate determination 
of tip loads is possible only by considering the local three-dimensional flow and the 
resulting section characteristics. However, in accordance with our notion of keeping 
the computations to a minimum. an attempt has been made to use a simple procedure 
to account for this. We apply a correction to the angle of attack at a radius r, basing 
it on the pressure differential across the rotor disc at t hat section. The corrected 
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angle (a:c) is given by 
O:c == 0: X abs 
[ 
(p- - p+ ) r 1 ( R - r ) 
(p- - P+ )ref R - Tref 
where subscripts + and - denote the top and bottom surfaces of the rotor respectively 
and rref is the reference station (usually 0.90 R) beyond which this correction is 
applied. Since the absolute value of the correction factor is between 0 and L it has 
the effect of forcing the local angle of attack to go to zero at the tip. The results 
are demonstrated in Figure 4.li which shows the blade loading, this time its radial 
variation at a fixed azimuth angle, for the fourth rotor. 
Flow Field Predictions 
As mentioned at the outset. two types of results are demanded of any solution 
methodology for rotor flows. ,While all of the traditional methods are able to predict 
the blade loading to some degree of accuracy, the current in\;estigation is one of 
the first analyticaL' computational procedure capable of calculating the flow field of 
a rotor in forward flight. Consequently any kind of quantitative comparison with 
published data is not possible. In evaluating the flow field predictions of the present 
method, recourse must be made to physical intuition and qualitative comparison with 
flow visualization pictures. Presentation of three dimensional flow field information 
in a meaningful way is a challenge in itself. The approach adopted here is to look at 
various planes in the domain and depict the physical phenomenon by dra,ving yelocity 
vector fields and pressure contours. 
The first set of plots (Figures 4.18 - 4.20) show the pressure contours at three 
different Yj R planes. i.e., planes normal to the rotor disc but parallel to the free-
stream flow. The difference in the pressure behveen the upper and lower surface. 
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Rotor I: Azimuthal Load Distribution 
r/R = 0.85 
f.-l = 0.227, [2 = 23.24 rad/s 
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Rotor I: Induced Velocity Distribution 
r/R = 0.85 
M = 0.227, [2 = 23.24 rad/s 
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Figure 4.13: Induced velocity distribution. riR = 0.85 
.58 
Rotor II: Azimuthal Load Distribution 
r/R = 0.75 . 
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Rotor IV: Radial Load DisLl'ibuLion 
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Figure 4.1 i: Effect of ti p correction 
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producing the lift, is clearly visible. A closer inspection also shows the concentration 
of loading in the central portion of the blades which is consistent with the blade load 
characteristics shown earlier. The thick bar at the center is the projection of the rotor 
disc. As one looks at sections away from the center, the actual distance over which 
the rotor extends reduces and this is also reflected in the contours which are seen to 
be concentrated over decreasingly smaller area. The figures presented here are for 
rotor I alone as quite similar results are obtained for the other cases. 
Most interesting flow features are observed in the cross-flow planes i.e .. X.' R 
planes. It is well known that the variation in spanwise circulation results in the shed-
ding of vortices at the tip and the root. Figures 4.21 - 4.24 trace their development 
in case of Rotor II. The vectors in these figures, as in all figures presented hereafter. 
are not scaled according to the velocity magnitudes. The tip vortices are visible in 
'all the four planes (XI R = -0.2 to 1.0) while the two vortices shed at the root only 
appear at X/ R = 0.2 and. being much weaker. gradually disappear as one reaches 
the trailing edge of the rotor. 
The tip vortices. on the other hand, are known to be convected much further and 
this is brought out by Figures 4.25 - 4.27 which depict the velocity fields in planes just 
behind the rotor disc and about .5 and .50 diameters further downstream. respectively. 
The diffusion of the vortex core is apparent as is the asymmetry in the nature of 
the two vortices. The one emanating from the retreating side is seen to move more 
inwards and also descending further than the one being shed from the advancing half 
of the disc. Corroboration of these predictions is obtained from the experimentally 
determined flow field velocity angles ,:1.5] shown in Figures 4.28 - 4.29. The results in 
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Figures 4.2.5 - 4.27 are for Rotor I while the experimental results are for a rotor with 
different geometry but the advance ratios for the two cases are quite close (0.227 and 
0.232 respectively) and therefore the two sets of results are comparable. The results 
of Reference 1.5 could not be simulated directly because of insufficient data regarding 
the rotor operating conditions. ~ evertheless, the similarity between t he predicted 
solutions for Rotor I and the experimental data is remarkable. \Vhile comparing the 
two sets it should be borne in mind that there is a reversal of the vie\ving direction. 
The present results are shown as would appear from the downstream direction, such 
that the advancing side of the rotor is to one's left. The opposite is true for the 
experimental plots. 
The dowmvard movement of the wake that was seen in the previous figures is 
even more pronounced in case of Rotor III (Figures 4.30 and -1.31). The plot area 
had to be expanded almost four times in order to show the vortices in the latter 
figure. This is again consistent \'·;ith expectations as the advance ratio is quite low 
(0.11). In the limit of advance ratio going to zero (i.e .. hover condition) the primary 
direction of the wake convection would. of course, be downwards. Another interesting 
observation from Figure .. 1:.31 is that the vortices are captured at all. since the grid 
gets increasingly coarse a\'tay from the rotor. 
Finally we consider planes parallel to the rotor disc. The stream-\vise component 
of velocity dominates over the cross-flow component for the entire range of advance 
ratios that were investigated hence the velocity vector plots do not convey much 
information. Instead we once again look at pressure contours in planes above and 
below the rotor (Figures -1.32 and 4.33) respectively. As expected. the upper surface 
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has overall lower pressure compared to the lower surface. The production of forward 
thrust by the rotor is indicated by the streamwise difference in pressure levels. The 
wake, represented by the high density of contours downstream of the rotor, is also 
well captured. 
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Rotor I :Velocity Field 
Y/R =0.1 Plane 
f.J- = 0.227, {1 = 23.24 rad/s 
Rotor Diameter = 17.08 m 
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Figure 4.18: Pressure contours in the }-/ R = 0.1 plane 
1 
1 
0.5 
a: 
"- o 
N 
-0.5 
-1 
I 
.. 1 
, 
I 
\ 
\ 
\ 
\ 
66 
Rotor I :Velocity Field 
Y/R = 0.4 Plane 
f..L = 0.227, (2 = 23.24 rad/s 
Rotor Diameter = 17.08 m 
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Figure 4.19: Pressure contours in the Y/ R = 0.4 plane 
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Rotor I :Velocity Field 
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Figure 4.20: Pressure contours In the Y / R 0.8 plane 
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Rotor II :Velocity Field 
X/R = 0.2 
J-t = 0.267, n = 32.88 rad/s 
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Figure 4.22: Velocity field in the crossfiow plane. X/ R = 0.2 
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Rotor II :Velocity Field 
X/R = 0.5 
I-l = 0.267, [2 = 32.88 rad/s 
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Figure 4.23: Velocity field in the crossflow plane~ XI R = 0.5 
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Rotor II :Velocity Field 
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Figure 4.24: Velocity field in the crossfiow plane, .1) R = 1.0 
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Rotor I : Velocity Field 
X/R = 1.07 
jJ. = 0.227, {1 = 23.24 rad/s 
-0.25 
Y/R 
0.75 
Figure 4.2.5: Diffusion of the tip vortices. XI R = 1.07 
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Rotor I : Velocity Field 
J..l = 0.227, n = 23.24 rad/s 
Rotor Diameter = 17.08 m 
-0.25 
Y/R 
0.75 
Figure 4.26: Diffusion of the tip vortices. X/ R = 10.0 
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Rotor I : Velocity Field 
X/R = 100.0 
f.-L = 0.227, n = 23.24 rad/s 
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Figure -L27: Diffusion of the tip vortices, X I R = 100.0 
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Rotor I : Velocity Field 
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Rotor I :Pressure Contours 
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CHAPTER 5. CONCLUSIONS 
A method for predicting blade loads and flow field of helicopter rotors in forward 
·flight has been presented. Calculations are performed for four test cases encompassing 
a wide range of ad'.ance ratios. Comparison of blade loads with field test data is found 
to be moderate to good. The flow field patterns also show the expected physical 
behavior and correlate \vell with available experimental results. ~Iore experimental 
observations. specially of the flow field are needed for further validation. 
The present application of the momentum-source modelling principle to forward 
flight, together with all the previously reported cases confirms the validity of the 
concept for a wide range of rotary-wing problems that are of contemporary interest. 
Its main advantage is its versatility \',-hich comes from the fact that no assumptions 
about the wake structure are made and most of the physical phenomena which lead to 
the wake-formation are properly modelled by the governing equations that are soh-ed. 
At the same time use of the known airfoil section properties means that solutions can 
be obtained for complex geometries with only a moderate expenditure of computer 
resources. Inclusion of another rotor in t he flow field. for the purposes of investigating 
mutual interference effects. would lead to only a marginal increase in the memory or 
processor time requirements. Doing the same with a full ~avier-Stokes procedure 
would, on the other hand. involve quite a large increase in computational expense. 
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The present approach seems to be the only one that is immediately applicable 
to diverse rotor problems. With the inclusion of an appropriate turbulence model 
and some form of boundary-layer model for the chordwise flow over the blade, the 
method presented here should form a useful procedure for studying rotor flows. at 
least until a full ~avier-Stokes solution becomes possibfe_ As an efficient design tool 
it will probably be useful even beyond that. 
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APPENDIX A. TRANSFORMATION FROM COMPUTATIONAL 
TO ROTOR BASED COORDINATES 
The orientation of a body with respect to a reference frame can be uniquely 
defined by a series of pure rotations. These rotations are called Euler 'angles and 
they result in an orthogonal transformation. A convenient sequence of rotations. for 
transforming from the (X',Y'.Z') system to the (~,,,,() system. is illustrated in 
Figure A.1. It involves the follO\ving -
1. Rotation about X' axis through angle A. to produce ~". ,,". (" axes. 
2. Rotation about r/' axis through angle B to produce ~'. rJ'. (' axes. 
3. Rotation about e axis through angle C to produce ~, ",( axes. 
Each of these rotations is characterized as an orthogonal transformation and \\'e 
can write the following relations. 
o 
[
X'l [ X' I 
:: = 0 :: 
(,-l.la) 
cos A. 
sin A. 
sin B I ~" I [~" I o ,," = { r/' 
cos B (" (" 
(A.lb) 
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1; ~J' i 7.' 
\ , I I 
\ 
'i\ I, '" \! .Jr \' ,
\ \ I/'I",," \ \! //," ~y 
" \ I .<~ Y' \ ' . " -\~j ~.. ~ X', S" ~-li k::::..-----:;,X', r -__ r 
\'2) 
(J ) 
------ ----... 
Figure A.l: Euler angle rotations 
, 
X I 
8i 
~ 1 0 
o ] Ie] 
e 
1] 0 cose sin C r/ ={3 1]' (.4..1c) 
( 0 -sine cos C' (' (' 
N ow it is possible to make the direct transformation from (X', y', Z') to (~, 7], () 
by combining this sequence of rotations, that is, 
n n <Ill X' 7] = {3 7]' = {3, 7]" = {3,6 y' 
( (' (" z' 
or n I-~I '7 =Q }' (.4.2) 
( Z, 
where 
cos B sin .4 sin B - cos .-t. sin B 
sin B sin C cos .4 cos C - sin .4 cos B sin C sin .4 cos C - cos .-! cos B sin C 
sin B cos C - cos A sin C - sin A. cos B cos C - sin .-1. sin C -7- cos .-1. cos B cos C 
A useful property of orthogonal transformations is that the inverse of the transfor-
mation matrix can be obtained simply by taking its transpose. Thus we can write 
the inverse transformations from the (c., 7], () to (X'. y', Z') as 
(.4.:3) 
For our present problem the most general case is satisfied if we can find a series of 
rotations such that the resulting C. axis is aligned with the specified rotor axis. Since 
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we do not impose any further restrictions on the orientation of the 7J and <..' axes in 
the plane of rotation, we need only two of the three rotations discussed above. This 
can be easily demonstrated as follows. 
The vector (wI' '"'-'2, '""'3) in the original system must transform to (-",),0,0) in 
the (~, '7], 0 system. Substituting these on the left and right hand sides respectively 
of Equation (A.3) we obtain 
[ :~] = aT :] 
""'3 1..1.: 
Expanding this gives the following three relations 
""'11...: = - cos B 
"':') /...: = - sin A. sin B ... 
w3/...; = cos.-1 sin B 
which yield 
A. = arctan( -1.1.'2/"':3) 
B = arccos( -1.1.'1/"';) ( .-1...1) 
Note that under the conditions imposed C can take on any value and we may set 
c = O. 
Thus we can transform the (X,l',Z) system to the (~,7J'() system using the 
following relations 
X, 
yl 
Zl 
[
X [XC] 
Y lc 
Z Zc 
I: ( 
I
x - Xc 
= Ml Y -}C 
Z - Zc 
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sin A. sin B 
cos A. 
- sin Acos B 
sin A. sin B 
cos A. 
- sin .4 cos B 
- cos A.sin BI IXI 
sin A. }rl 
cos A. cos B Z, 
- cos A.sin B 
sin A 
cos A. cos B I
x - Xc 
Y -}c 
Z - Zc 
( ... t,.5) 
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APPENDIX B. DETAILS OF THE COMPUTER CODE 
Programming Language Considerations 
A separate issue addressed in the present investigation concerns the coding lan-
guage. The entire code was written in C because of the author~s preference. Since a 
code for the basic SIMPLER algorit.hm for three-dimensional problems was already 
available in FORTRAN this was thought to be a good opportunity to compare the 
two languages in terms of both t heir respective programming ease and efficiency. 
Only subjective judgements can be made regarding the former point. The author 
is of the opinion that C makes coding much easier and more enjoyable. The use of 
macros allows for quite compact and readable code while not incurring any run-time 
overheads. Macros are particularly useful in codes like the present one where similar 
tasks must often be repeated in the three coordinate directions and where calls to 
subroutines may not be desirable. The simple but effective set of syntax rules of 
the language reduces the chances of many kinds of programming errors which might 
otherwise result in countless hours of debugging. 
For intensive computational tasks like numerical simulation of fluid flows an im-
portant aspect of the language that must be considered is the processor time required 
for the execution of the program. Detailed comparisons in this regard of FORTRA)l" 
and C could not be but made some preliminary observations indicate that the time 
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required for computations is more Of less comparable. From the point of view of 
portability of the code, C has a definite advantage. This is because of the relatively 
fewer features that are implementation dependent. For example, the present algo-
rithm requires a large amount of core memory and C' can efficiently manage this 
through dynamic allocation which is machine independent. The FORTRA::-.r code on 
the other hand requires compiler directives to be included in the source code which 
are specific to that compiler/machine. The code was developed and initially used on a 
NAS AS/9160 machine running ~IVS/XA and could be ported to an entirely different 
environment (Cray-2 and C'ray-Y}IP under F~IC'OS) with minimal modifications. 
Code Structure and Performance 
The code is structured in a modular fashion and is made up of two distinct 
sections. The first part implements the SnIPLER algorithm and is independent of 
any particular problem. Even though in the present method flo\v is considered to 
be incompressible, this part is written so as to allow a varying density and viscosity. 
Thus compressible or turbulent problems can be handled by adding logic for solution 
of energy equation and appropriate turbulence models. The major functions of this 
part of the code deal with calculation of coefficients of the discretized momentum and 
pressure equations. calculation of the source terms for these equations. the solution 
of the discretized equations using SLOR and the correction of the velocity field. In 
addition there are functions for handling I/O, memory management and the initial 
setting up of the Cartesian grid. All floating-point arithmetic is perfofmed using 
double precision and unformatted binary I/O is used wherever feasible. The code is 
capable of being started "cold" or from a previous iteration level. The ot her half of 
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the code contains functions for the initial calculation of the grid points influenced by 
the rotor and for the calculation of the rotor induced momentum source terms. This 
part is designed to be capable of handling multiple rotors in the flow field with each 
rotor having any arbitrary orientation. 
The SIMPLER algorithm necessitates the storage of 26 coefficients at each of the 
grid points in addition to the flow properties. As a result, the demand on addressable 
memory is quite high. For example, with the (47 x 47 x 47) grid that \vas used for the 
test cases reported in Chapter 4 approximately 37 ::\Ibyt~s of memory is needed. The 
rotor modelling procedure incurs relatively negligible overhead in terms of memory 
requirement. It also requires a very small fraction (:::::: 0 .. 5 % for the cases discussed 
in Chapter 4) of the total execution time. Overall processor time figures were of 
the order of 21 seconds per iteration for a (-17 x 47 x -17) grid and 8 seconds for a 
(30 x 30 x 30) grid. both on the NAS A5/9160. For the larger grid this number 
reduced almost by half to approximately 11 seconds on the Cray-2 and to about 8 
seconds on the Cray-Y~IP. It is important to note here that these figures are for the 
same code. No attempt was made to take advantage of the vectorizing capabilities of 
the supercomputers. 
Source Code Listings 
The listings of the C source code are available upon request. 
